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In March 2000, a two-year conservation project was initiated by the National Air and Space Museum  (NASM) in Washington DC, USA which involved industrial scientists and conservation professionals in many institutions worldwide.  Its main purpose was to examine the various types of deterioration exhibited by spacesuits from the Apollo Space program, and to use that information to develop a conservation policy to preserve them  for future study, loan and display (Young 2000).  NASM currently owns approximately 100 spacesuits and related components relating to the Apollo era , which took place during  the late 1960s and 70s. They were the first,  and from a technical and historical viewpoint, are still the most important suits in the collection.  While many of the suits are similar in construction and materials, all the suits from this time period were either custom made for each astronaut, or were developed as prototypes. They are unique in their history, materials and construction.  This project  involved the first detailed examination of the spacesuits since their acquisition in the 1970s. 

Spacesuits, whether for developmental purposes, use during a mission or as reserves, have been exposed to a variety of environments.  Suits used on missions may have been exposed to temperatures between –150ºC and 120ºC, cosmic radiation and high speed meteroid particles in a gravity one sixth that on Earth.  After acquisition, many of the suits remained in their original packing cases while  the specially designed Garber Facility for conservation of  space equipment was prepared. In 1975 the spacesuits were relocated to the new facilities, where they were hung in tall, cedar-lined cases (Baker 1993).  In the 1980s, the majority of suits in the collection were placed in cool storage at 45% relative humidity (RH) and 5ºC.  At that time, in the absence of specific guidelines for objects containing synthetic  polymers, such environments were regarded as suitable for mixed media and organic objects.   Metal shelves were used to support the suits inside closed cabinets.  Until 1978, there was an active program of loaning space suits to other institutions; it is likely that during transport and installation, they were exposed to large variations in temperature and RH.

Visual examination of the 22 material types used to construct the Apollo spacesuits suggested that three of them were notably more degraded than the others.  Flexible polyvinyl chloride (PVC) tubing used to transport air and water, rubber components such as the joints allowing the wearer flexibility during movement,  and anodized   aluminium connectors, had degraded to an unacceptable level.  Since the suits were constructed and used as recently as the late 1960s, using the best quality materials available during that period, the extent of their deterioration gave cause for concern. The advanced level of degradation exhibited by  PVC tubing   will be discussed here.  In order to understand the factors contributing to the deterioration process, the manufacturing process of PVC is described first.  

Manufacture of plasticized PVC

Plasticized poly (vinyl chloride)   (PVC) has been one of the most economically and technically important plastics materials since the 1950s.  Although its first major application was as a replacement for natural rubber in electrical cable insulation during World War 2, world production today is higher than 20 million tonnes per year, making it the second most highly consumed plastics material.  

Attempts to process pure PVC  using heat and pressure, result in severe degradation of the polymer (Nass  1977).  Hydrogen chloride is produced  and rapid discolouration of the starting material from white to yellow to brown to black is observed at processing temperatures, around 150ºC.   Compounding PVC involves adding sufficient quantities of modifiers to the raw polymer to produce a homogeneous mixture suitable for processing at the lowest price. 

Plasticizers are the major modifier for PVC formulations in terms of percentage weight (between 15% for vinyl flooring, and 50% for waterproof boots) and physical properties. A plasticizer is a material incorporated into a polymer or polymer mixture to increase its workability and its flexibility or elongation (Wilson 1995).   Plasticizers  are essentially semi-volatile solvents, with solubility parameters close to that of the polymer.  Non-polymeric plasticizers are typically high boiling, oily, organic liquids, usually esters. Addition of plasticizer to a PVC polymer has two main functions; to assist in the processing stage by reducing the viscosity and melting temperature, and to modify the final product by softening it.

The plasticization process involves mechanically milling the solid polymer with liquid plasticizer to reduce the particle size of PVC.  During this process, plasticizer molecules are evenly dispersed throughout the PVC, and attach themselves weakly to the surfaces of  polymer particles. Van der Waals interactions take place between the plasticizer and polymer particles.  Such physical interactions have enthalpy values in the order of 20 kJ/ mol; this value is approximately ten times lower than equivalent values for the covalent, chemical  bonds, suggesting that Van der Waals’s interactions are more readily broken. 

Of   the one million tonnes of plasticizers used annually in Europe, approximately 90% comprise phthalate esters. The largest single product used as a general  purpose plasticizer worldwide is di (2-ethylhexyl) phthalate (DEHP) previously known as di-octyl phthalate or DOP.  Di (2-ethylhexyl) phthalate has set the standard for  performance to price relationships  since the 1950s, partly due to its documented high compatibility with PVC  (Titow  1984).

Applications of PVC tubing in Apollo era spacesuits

PVC tubing was utilized for two main purposes in spacesuits. On the exterior of the suits, thick (15mm outside diameter) PVC tubing encased within metallized nylon textile, was used to construct   hoses for the Life Support System.  Hoses transported  oxygen and water  to  astronauts from a backpack supply when they were outside the space craft (see Fig.1).  Designers of Apollo suits used the most appropriate materials commercially available in the 1960s, rather than commissioning specialized plastics.  As a result, the PVC tubing used to construct hoses was Tygon B44-3, a grade manufactured for the dairy, food and beverage industries at that time (Kozloski 1994).  In the 1960s and 70s, this formulation contained DEHP as the primary or main plasticizer at a concentration of around 30% by weight (Ayrey  2000).  The tubing was originally transparent and crystal clear.  Although Tygon B44-3 is still available today, the formulation has changed to meet recent health and safety requirements for tubing in contact with food products.

PVC was also used to construct thin (3mm outside diameter)  tubes which were an integral part of the Liquid Cooling Garment.  This garment was worn underneath the spacesuit in contact with the skin to keep the astronaut cool while performing tasks. A network of  PVC tubes was intricately woven through a knitted textile blend of nylon and polyester.  The tubes transported cold water, cooling the astronaut’s skin by conduction and allowing the wearer to remain at a constant temperature while performing tasks outside the space craft (Kozloski  1994).   


Examination of  deteriorated  PVC tubing

Assessment of  discolouration,  changes in microstructure and chemical composition of  hoses from the Life Support System and tubing from the Liquid Cooling Garment were made using visual examination,  Fourier Transform infrared  spectroscopy and  Low-Vacuum scanning electron microscopy.  These techniques required minimal destruction of original material.  

Visual examination
Visual examination of internal and external surfaces of tubing from the Life Support System and  Liquid Cooling Garment suggested that there were three, apparently progressive stages of deterioration:

Stage 1or ‘liquid stage’:  
Droplets or thin films of liquid were visible at surfaces of the tubing, and caused staining of adjacent suit materials and packaging tissue.  Metallized  nylon textile used to insulate and encase hoses from the Life Support System, had  discoloured and was stained with an oily liquid (see Fig.2).  Tubing was tacky to touch.  Shrinkage, embrittlement and severe discolouration of the PVC itself were associated with this stage. 

Stage 2 or ‘tacky stage’: 
Dense, white crystalline material adhered to the discoloured, tacky PVC (see Fig. 3).  Dust and packing materials adhered to  surfaces of tubing. Tubing was no longer flexible. 


Stage 3 or ‘crystalline stage’: 
Fine and coarse crystals adhered lightly to the brittle, highly discoloured PVC, and were readily removed by brushing. Crystals were offset onto packaging materials.  No liquid was detected at  surfaces (see Fig.4).

Tubing from the Life Support System had attained  both the liquid and tacky stages while tubing from the Liquid Cooling Garment had deteriorated further to the ‘crystalline stage’.

Fourier Transform Infrared  (FTIR) spectroscopy
Attenuated Total Reflectance FTIR spectroscopy was applied to identify the liquid film and crystals present at surfaces of the degraded tubing in a non-destructive way.  Spectra were collected over 30 scans at a resolution of 4cm-1 between 4000cm-1 and 600cm-1 , using  ASI DurasamplIR single reflection accessory  in a Perkin-Elmer Spectrum 1000 FTIR spectrometer. The high refractive index of  the diamond internal reflection element compared with that of plasticized PVC (2.4 and 1.5 respectively) allowed absorbance data to be collected from a depth approximately equal to that of the wavelength of the infrared radiation, a maximum depth of approximately 2 microns with this accessory (Coombs 1999). 

The quality of spectra depended on intimate contact between the DurasamplIR reflection element (the diamond crystal had an active area of 1mm diameter) and the surface of interest.  Identical pressure distribution was achieved for all samples using the flat, circular  pressure device (3mm in diameter) supplied with the accessory.  Used  in combination with a torque limiter, the device allowed the press to be tightened to the same, repeatable level.     

The plasticizers present in tubing from both the Life Support System and Liquid Cooling Garment  were characterized, as di-2-ethylhexyl phthalate (DEHP).  The liquid film and droplets from tubing from the Life Support System exhibiting  deterioration  stages 1 and 2 produced spectra  characteristic of DEHP plasticizer.    White crystals observed at the surfaces of tubing from both the Life Support System  exhibiting deterioration stage 2, and the Liquid Cooling Garment  exhibiting  stage 3,  gave spectra which were excellent matches with reference spectra of phthalic acid (see Fig. 5). 

Low-vacuum scanning electron microscopy 
Low-vacuum scanning electron microscopy (LV-SEM) was used to examine the morphology, physical microstructure and elemental composition of surface and cross-sections of tubing from the Life Support System and Liquid Cooling Garment. A Jeol SM LV-5310 scanning electron microscope was used at a low beam current  (10kV)  to avoid damaging samples during examination.  Since DEHP is readily absorbed by waxes, polyester and epoxy embedding resins, no mounting of sections was made.  Instead, samples  (3 x 3mm) were simply adhered to aluminium stubs and examined at magnifications of x 500 and higher. Since the microscope operated at low vacuum, no further preparation of samples, such as application of a conductive coating which is usually necessary with SEM examinations, was necessary.  

Elemental analysis indicated that the regular, leaf-shaped, crystalline structures observed in discrete areas at interior and exterior surfaces of tubing from Life Support System   and Liquid Cooling Garment contained measurably higher concentrations of elemental oxygen than the tubing itself (see Fig.6).   This finding was considered together with results  from FTIR spectroscopy to indicate the presence of   phthalic acid crystals.  Surfaces of the tubing itself, away from the crystals, had a high concentration of  elemental chlorine, indicative of PVC polymer in this case.  Elemental mapping of cross-sections suggested that  crystals were absent within the walls of the tubing, and were found only at surfaces.  This finding suggested that contact with oxygen and water vapour was necessary for formation of  phthalic acid.  

In addition, unevenly  distributed  regular  hexagonal crystals were observed  at internal surfaces of  tubing from the Life Support System (see Fig. 7).  Elemental mapping suggested that they contained phosphorus and sodium.  Since these elements were not associated with  PVC, plasticizer or their degradation products, an alternative origin was sought. After use and collection in the 1960s and 70s,   Apollo spacesuits were cleaned using a detergent which included  sodium tri-polyphosphate  in its formulation.  It is likely that incomplete rinsing after cleaning caused  residues of the detergent  to be deposited at surfaces.  


Discussion of results of examination

Examination of PVC tubing by both visual and instrumental techniques, indicated that degradation was manifested by discolouration,  the presence of liquid DEHP plasticizer and  crystalline deposits of phthalic acid at the surfaces.  These manifestations may be attributed to the degradation of PVC polymer, migration of DEHP plasticizer from its original position and its degradation respectively.

The degradation mechanism by which degradation of PVC takes place is complex.  In general, it comprises one major reaction; the evolution of hydrogen chloride (dehydrochlorination process).  In addition, cross-linking and chain scission reactions  affect the physical properties of the degraded PVC. Cross-linking results in high molecular weight,  stiff polymers,  while chain scission reduces the molecular weight. 

It is thought that dehydrochlorination starts at imperfections in the PVC structure and that the breaking of the first C-Cl bond may follow either a free radical or ionic mechanism.  The mechanism is still not completely established (Iván  2001). Loss of a chlorine atom is followed almost immediately by abstraction of a hydrogen atom and a shift of electrons in the polymer to form a double bond.  The next chlorine becomes highly reactive and is readily removed (see Fig. 8). 
 
This leads to the progressive ‘unzipping’ of neighbouring chlorine and hydrogen atoms to form a conjugated polyene system with alternate single and double carbon bonds, accompanied by the formation of hydrogen chloride. As the conjugated polyene system develops, the polymer begins to absorb radiation in the ultraviolet part of the spectrum.  After  between 7 and 11 repeat units (one single and one double bond) have formed, absorption shifts to longer wavelengths until it is absorbing in the violet, blue and green parts of the spectrum.  Each absorption maximum has been found to correspond to a specific polyene length.  The rate of degradation  can be followed using colour changes from white to yellow to orange to red, brown and, ultimately black (Brydson 1999).

The appearance and chemical identification of plasticizer at internal and external surfaces of the life support tubing, suggested that DEHP plasticizer had separated from the PVC polymer, forming thin liquid films. This is a recognised  phenomenon, traditionally attributed to the fact that plasticizer is simply physically admixed rather than chemically reacted with PVC during manufacture. Physical bonds are approximately 10 times weaker than chemical covalent bonds and, therefore, may be broken more readily.  However, the period over which separation occurs and the factors initiating the process, have not been defined.

As esters, phthalate plasticizers are susceptible to hydrolysis when exposed to strongly acidic or alkaline environments.  At temperatures higher than 200°C, fragmentation of the plasticizer molecule begins to occur.  Boiling DEHP (386°C) for 1 hour results in a 30% decomposition mainly into phthalic anhydride, 2-ethyl hex-1-ene and 2-ethylhexanol in the approximate molar ratio 1:1:1 (Wilson 1995).  Acid catalysis lowers the temperature of decomposition and alters its course, causing the formation of phthalic acid instead of phthalic anhydride plus an additional mole of 2-ethyl hex-1-ene instead of 2-ethylhexanol (see Fig. 9). Since spacesuits were exposed to temperatures up to 120 ºC, a means of catalyzing the  pathway for hydrolysis of  DEHP was necessary. Spacesuit components were likely to be exposed to highly acidic conditions by the production of hydrogen chloride from degrading PVC polymer. 








Examination of the plasticized PVC tubing from the Life Support System and Liquid Cooling Garment of Apollo spacesuits suggested that extensive deterioration had taken  place 30-35 years after use.  Examination and analysis of deteriorated objects suggested that although discolouration due to dehydrochlorination of the PVC polymer was aesthetically damaging, surface tackiness due to the presence of plasticizer or its breakdown products at   surfaces was of greater importance from a conservation perspective.  

Tacky surfaces reduced storage and handling possibilities. Other components of the spacesuits and packaging materials adhered to such surfaces,  making storage and transport of deteriorated objects difficult. Particulates and fibres, suspended in surrounding air, adhered to tacky surfaces, obscuring surfaces and disfiguring objects.  Phthalic acid crystals at surfaces of plasticized PVC, formed either by oxygen attack on alkyl groups or hydrolysis of the ester groups of DEHP , disfigured surfaces and were readily offset onto any objects in contact with the degraded PVC, potentially accelerating the rate of deterioration of those objects.  

Finally, but of extreme importance, there was concern that handling and contact with PVC components of Apollo spacesuits made tacky due to migration of plasticizers to surfaces,   may pose a risk to health for staff and students. DEHP has been identified in aquatic environments, in air, in foodstuffs and in the human body.  Many symptoms and illnesses have been attributed to DEHP including its ability to behave as a hormone mimic, however it is difficult to obtain unbiased,  scientifically-based data.  These factors must be considered when developing a conservation strategy for spacesuits. Since the dehydrochlorination of the PVC polymer is influenced by the extent of loss of DEHP,  storage environments for such materials should aim to inhibit loss of plasticizer (Shashoua 2001).
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Figure 1.  Cutaway model of the Apollo Extra-Vehicular suit. The multi-layer suit protected the astronaut from radiation, extremes of  temperature and supplied a source of oxygen (photograph courtesy of National Aeronautics and Space Administration, SI photo 92-616).

Figure 2.    The metallized nylon which encased hoses from the Life Support System was stained by DEHP plasticizer.  The PVC hoses  were discoloured.

Figure 3.   Yellowed tubing from the Life Support System showed a paste of crystalline phthalic acid with DEHP plasticizer on outer and inner surfaces.  The tube was 15mm in diameter.


Figure 4.  Tubing from the Liquid Cooling Garment was discoloured and covered with fine crystals of phthalic acid. The tube was 5mm in diameter.

Figure  5.   ATR-FTIR spectroscopy was used to identify white crystalline material  on the outer surfaces of  tubes from the Life Support System (upper spectrum)  as phthalic acid  by comparing it with a spectrum of reference material from Merck Ltd (lower spectrum).


Figure 6.    LV-SEM scan (far left) shows crystalline, leaf-shaped, degradation products on inside surface of tube from Life Support System.  Elemental maps for oxygen, O (upper right) and chlorine, Cl (lower right), show the crystals contain higher concentrations of oxygen (they appear brighter) than the tube itself, indicating the presence of  a degradation product of DEHP.  Phosphorus, P and sodium, Na (lower left and center positions)  were present only in the unevenly distributed, hexagonal  crystals.  Sample was 1mm x 1mm.

Figure  7. Enlargement of hexagonal crystals present on  interior surfaces of  tubes from the Life Support System.  They were probably residues of a cleaning product.

Figure 8.  Dehydrochlorination reaction of PVC polymer leads to an unzipping process and the formation of hydrogen chloride.

Figure 9.   Products of the hydrolytic breakdown of DEHP depend on whether conditions are acidic  or alkali.  Phthalic acid is produced in an acidic environment. 




